A putative latency-associated transcript (LUNA) complementary to the human cytomegalovirus (HCMV) UL81-82 region previously identified in seropositive donors' monocytes is also expressed during lytic infection. Thus, the LUNA promoter is active during both lytic and latent infection. Consequently, the mechanisms regulating this promoter may provide further insight into factors that determine whether the outcome of HCMV infection is latent or lytic. By transfection, the LUNA promoter exhibited low but reproducible activity. Substantial activation by virus infection suggested that a viral factor was important for LUNA expression during lytic infection. IE72, a known transactivator of viral promoters, activated the LUNA promoter in cotransfection assays. 
Infection of healthy hosts with human cytomegalovirus (HCMV) is usually asymptomatic and results in a lifelong persistent infection, with up to 90% of some populations seropositive for the virus (23) . In contrast to the outcome for healthy individuals, infection or reactivation in immunocompromised individuals is a significant cause of morbidity and mortality, and thus HCMV represents a major cause of disease in transplant patients, AIDS sufferers, and newborns (5, 13, 23, 51) .
Like all herpesviruses, HCMV can undergo both lytic and latent life cycles, which show profound differences in patterns of viral gene expression. Viral gene expression during latent infection appears to be limited to a small subset of genes (6, 19, 28, 30) , some of which are also expressed during lytic infection (6, 36, 55, 58) . One of these genes, LUNA, is expressed from the opposite strand of the UL81-82 gene locus and can be detected during both lytic and latent infection (6) .
Herpesvirus lytic infection is crucially dependent on the initial expression of viral immediate-early (IE) genes, but it is now clear that this itself is subject to regulation by cellular transcriptional regulators (39) . For example, herpesvirus infection is profoundly affected by a number of cellular proteins that accumulate at subnuclear structures called nuclear domain 10 (ND10) bodies (1, 3, 15, 16, 26, 27, 31, 38, 57) . Key constituents of these proteins include PML, hDaxx, and SP100, and it has been proposed that these structures represent a cellular antiviral strategy that the virus must overcome (9, 14, 42, 56) . The well-studied herpes simplex virus type 1 (HSV-1) protein ICP0 has been shown to target the PML protein for degradation upon infection in a proteosome-dependent manner to facilitate a more efficient lytic infection (7, 10, 17) . Similarly, HCMV also makes a concerted effort to target components of these structures. It has been well established, for instance, that one of the viral major IE proteins, IE72, contributes (along with pp71) to ND10 reorganization and disruption (3, 31, 59) . Again, the effect of IE72 on ND10 is mediated via an interaction with PML, although in contrast to results for HSV, IE72 does not appear to promote the degradation of PML, just the relocalization of the protein away from ND10 bodies (32, 61) .
It is becoming increasingly clear that the hDaxx component of ND10 is also a repressor of IE gene expression and inhibits the initiation of the lytic cycle (8, 47, 52, 53, 60) . Thought to act specifically by recruitment of histone deacetylases (HDACs) (24, 33) , hDaxx silences expression of the viral immediate-early genes by creating a repressive chromatin structure around the major immediate-early promoter (MIEP) (60) . The repression is initially countered by the viral tegument protein pp71, which has been suggested to relieve hDaxx-mediated repression of the MIEP by degrading hDaxx in the nucleus (52, 53) . The initial repression of the virus lytic cycle by hDaxx has, therefore, been suggested to play an important role in the establish-ment of latent infection (52) , although this still remains contentious (22, 63) and requires further study.
HCMV IE72 and IE86 play important roles in regulating the characteristic temporal cascade of viral gene expression observed during HCMV lytic infection. A number of studies, including analyses of the IE72-deficient CR208 virus (20) , have suggested that IE72 plays a pivotal role in the activation of early gene expression, although the growth defect of the IE72-deleted virus appears to be overcome at high multiplicities of infection (MOIs) (20, 40) . Although there is no evidence that IE72 can bind to DNA directly, it can bind to a number of cellular proteins to mediate its effects. For instance, it has been suggested that IE72 can physically interact with class I histone deacetylases and that this interaction results in the sequestration of these enzymes from viral early promoters, resulting in their derepression (44) . Consistent with this notion, the addition of the histone deacetylase inhibitor trichostatin A (TSA) to cells infected with IE72-deleted virus can compensate for the growth defect observed at low MOIs (44) . Such observations, coupled with the increasing evidence that viral lytic gene expression is regulated by histone proteins at all phases of infection (12, 25, 41, 48) , are consistent with IE72 expression acting to promote a nuclear environment conducive for early gene expression by modulating chromatin-mediated regulation of viral gene expression.
In this study, we show that the robust expression of the LUNA gene product during lytic infection is absolutely dependent on IE72. However, in contrast to previously published data for other IE72-dependent genes (44) , the addition of TSA is not sufficient to rescue wild-type LUNA expression in CR208-infected cells. We next show that repression of the LUNA promoter during lytic infection is mediated by the recruitment of hDaxx to the LUNA promoter, that repression is abrogated by IE72, and that IE72 physically interacts with hDaxx. Taken together, these data suggest a mechanism by which IE72 promotes LUNA expression during lytic infection. Finally, we link hDaxx-mediated repression of LUNA with the binding of the ATRX protein to the LUNA promoter, suggesting that the hDaxx-mediated repression of LUNA gene expression at early stages of HCMV infection is ATRX dependent and that this needs to be overcome by IE72.
MATERIALS AND METHODS
Virus, cell lines, and culture. The clinical isolate TB40/E, laboratory strain Towne, and CR208Q revertant virus were purified from infected fibroblasts on a sorbitol gradient. The IE72 deletion virus CR208 has been described previously (20) and was obtained, along with the repaired virus CR208Q, from Richard Greaves and Ed Mocarski. The K450R sumoylation-deficient IE72 virus and the complementary revertant were obtained from Michael Nevels and have been described previously (43) . CR208 was propagated in the ihfie1.3 cell line, constitutively expressing IE72. Primary fibroblasts and the ihfie1.3 cell line were cultured in Dulbecco modified Eagle medium (Invitrogen) supplemented with 10% fetal bovine serum, penicillin (100 U/ml), streptomycin (100 g/ml), and 2 mM L-glutamine.
Plasmids and transfection. The putative LUNA promoter (nucleotides 117648 to 118306) (6) was amplified from viral DNA using 5Ј-ATA TTG GTA CCG ACA CAA CAA ACG-3Ј and 5Ј-ATG AGA AGC TTT ATC ACG GTG TAG AAA-3Ј primers, and the amplified product was cloned into pGL3-Basic luciferase via the introduction of KpnI and HindIII restriction sites. To generate MIEP-pGL3, the minimal AD169 IE promoter (positions Ϫ302 to ϩ72) was excised from pUC19IE using EcoRI/SmaI digestion and cloned into pGL3. The IE72 expression vector (pON2203) was a kind gift of Ed Mocarski and was generated by excision of the IE72 Towne cDNA from clone pie1 and subsequent ligation into pME18S (29) . The hDaxx expression vector was generated by insertion of the full-length hDaxx cDNA into pcDNA3 and has been described previously (60) . The pHM 142 plasmid, encoding the luciferase gene under the control of the UL112/113 promoter, was a kind gift of Thomas Stamminger.
For transient transfection, approximately 2.5 ϫ 10 5 cells were transfected using Fugene 6 (Roche) as described by the manufacturer. Briefly, 3 l of Fugene was diluted into 97 l of serum-free medium; after 5 min, 1 g of luciferase reporter construct was added, and Lipofectamine-DNA complexes were allowed to form for 15 min. The reaction mix was then added directly to the cell culture medium and left for 24 h. For luciferase assays, cells were transferred 24 h posttransfection to a 96-well plate prior to any subsequent infection with Towne, CR208, or CR208Q. Luciferase activity was measured using Britelite plus (Perkins-Elmer). Briefly, medium was aspirated from the wells and replaced with 100 l of phosphate-buffered saline (PBS); then, 100 l of Britelite reagent was added to lyse cells, and luciferase was measured using a 96-well Costar machine. The results are averages from three independent experiments.
For small interfering RNA (siRNA) transfection, Lipofectamine 2000 was used to transfect fibroblasts with previously validated ATRX duplexes (ATRXHSS100879, 5Ј-GGC UGA UAU UAA GAA GGC UCA UCU U-3Ј and 5Ј-AAG AUG AGC CUU UCU UAA UAU CAG GC-3Ј; ATRXHSS100880, 5Ј-GCG AUG GAU GCU GUA AAC AAA GAG A-3Ј and 5Ј-UCU CUU UGU UUA CAG CAU CCA UCG C-3Ј [BLOCKit; Invitrogen]) or the specific siRNA control (siRNA_control_121 and siRNA_control_157; Invitrogen). Briefly, 100 pmol of siRNA was diluted in 250 l of Optimem reduced serum medium (Invitrogen). Concomitantly, 5 l of Lipofectamine was diluted in 250 l of Optimem. After 5 min, the incubation mixtures were combined, incubated at room temperature for 20 min, and then added to 10 5 fibroblasts plated in 2 ml of antibiotic-free medium (50% confluence). After 6 h, the medium was replaced with normal fibroblast growth medium. Knockdown of ATRX RNA and protein was observed by 24 h posttransfection.
Nucleic acid isolation, reverse transcription (RT), chromatin immunoprecipitation (ChIP), and PCR. RNA was isolated from 10 5 cells using RNAeasy spin columns as described by the manufacturer (Qiagen). Following isolation, 10 g of total RNA was incubated with DNase I (Promega) and then reverse transcribed using an ImpromII RT kit (Promega). DNA was harvested from infected cells using the sodium perchlorate method. Cells (10 6 ) were resuspended in 100 mM NaCl-5 mM EDTA (pH 8.0) before lysis with 10% SDS. Protein was then aggregated with the addition of 5 M sodium perchlorate before phenol-chloroform extraction of DNA and isopropanol precipitation.
ChIP assays were performed as previously described (48) . Briefly, 10 5 cells either infected or transfected as described below were fixed in 1% formaldehyde (10 min) and lysed, and the DNA was sheared by sonication into 250-to 500-bp fragments. Immunoprecipitations were performed overnight at 4°C with mouse anti-IE protein (1:250; Chemicon), rabbit anti-hDaxx (1:100; Sigma), or goat anti-ATRX (clone C16, 1:100; Santa Cruz) or the corresponding mouse, rabbit, or goat IgG control (all from Sigma). A protein A/G bead mix was used to capture antibodies, and following cross-link reversal, the purified DNA was isolated by proteinase K (2 g/ml) digestion and ethanol precipitated for downstream analysis.
Gene-and promoter-specific primers were then used to amplify target sequences by PCR using PCR 2ϫ Mastermix (Promega), under the following cycling conditions: 95°C for 5 min, followed by 20 to 30 cycles of 94°C for 40 s, 55°C for 40 s (except where otherwise indicated), and 72°C for 60 s, and then a final extension at 72°C for 10 min. The following primers were used (MgCl 2 concentrations are shown in parentheses): for LUNA (1.5 mM), 5Ј-ATG ACC TCT CCT CCA CAC C and 5Ј-GGA AAA ACA CGC GGG GGA; for IE72 (2 mM), 5Ј-CAT CCA CAT CTC CCG CTT AT and 5Ј-CAC GAC GTT CCT GCA GAC TAT G; for the IE protein (2.5 mM), 5Ј-CGT CCT TGA CAC GAT GGA GT and 5Ј-ATT CTT CGG CCA ACT CTG GA; for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (2.5 mM), 5Ј-GAG TCA ACG GAT TTG GTC GT and 5Ј-TTG ATT TTG GAG GGA TTC TCG; for actin (2.5 mM), 5Ј-GCT CCG GCA TGT GCA and 5Ј-AGG ATC TTC ATG AGG TAG T; for the LUNA promoter (1.5 mM), 5Ј-AGC GTC TAA AAG TCA CGT C and 5Ј-GGA GTA CAC ACG GTA GTA GTA G; for the MIEP (1.5 mM) (melting temperature [T m ] of 50°C): 5Ј-TGG GAC TTT CCT ACT TGG and 5Ј-CCA GGC GAT CTG ACG GTT; for ATRX (2 mM), 5Ј-CCA AAA GAA GAT GGG CTT CA and 5Ј-TCC ATT CCA TCT GAG TCA ACG; for pGL3 (1.5 mM), ACG CTC TCC ATC AAA ACA AAA and 5Ј-GCT TAC TTA AGA TCG CAG ATC TCG; and for UL44 (1.5 mM), 5Ј-GCT GTC GCT CTC CTC TTT CG and 5Ј-TCA CGG TCT TTC CTC CAA GG. PCRs were analyzed on 2% agarose gels using ethidium bromide detection.
Yeast two-hybrid analysis. The Matchmaker LexA yeast two-hybrid system was used to detect interactions between IE72 and hDaxx essentially as described by the manufacturer (Clontech). Briefly, IE72 was expressed as a DNA-binding domain fusion in pLexA, and hDaxx was expressed as an activation domain fusion in B42AD. Transformants were selected for growth and subsequently analyzed for ␤-galactosidase activity by filter test experiments. The known interaction between the simian virus 40 (SV40) large T antigen and p53, achieved using LexA-SV40 large T antigen and B42AD-p53 fusions, was used as a positive control.
Immunoprecipitation and Western blotting. Immunoprecipitation analyses were performed using U373 cells infected with laboratory strain AD169, Towne K450R, or the Towne K450R revertant at an MOI of 5. Briefly, a T175 flask was harvested in PBS at 16 h postinfection (hpi). Nuclear extracts were prepared essentially as previously described (4) . Briefly, pellets were resuspended in 400 l cold buffer A (10 mM HEPES-KOH, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol [DTT], 0.2 mM phenylmethylsulfonyl fluoride [PMSF]), incubated on ice for 10 min, and then vortexed for 10 s. Samples were centrifuged for 10 s, and the supernatant was discarded. The pellet was resuspended, lysed in 100 l buffer B (20 mM HEPES-KOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF), and incubated on ice for 20 min. Cell debris was cleared by centrifugation for 2 min at 4°C. Precleared lysates (50 l of protein A-Sepharose beads incubated for 1 h at 4°C) were incubated with a mouse monoclonal anti-IE protein antibody (clone E13, 1:200; Argene Biosoft, France) or with a mouse IgG1 control (Sigma-Aldrich, United Kingdom) for a further 1 h at 4°C. Fifty microliters of protein A immobilized on Sepharose beads (diluted 1:1 in PBS) was added and incubated for a further 2 h at 4°C. Beads were then collected by centrifugation (5,000 rpm for 3 min), washed three times with 1 ml NETN (20 mM Tris [pH 8.0], 1 mM EDTA, 900 mM NaCl, 0.5% NP-40), and analyzed by Western blotting with the primary antibody goat anti-hDaxx (1:50; Santa Cruz Biotechnology) or rabbit anti-hDaxx (1:4,000; Sigma, Poole, United Kingdom) for 1 h at room temperature. After washing and incubation with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (1:2,000; Santa Cruz Biotechnology), blots were exposed using enhanced chemiluminescence (Amersham Biosciences, United Kingdom). To detect ATRX expression in siRNA-transfected cells, protein from 10 5 cells was analyzed by Western blotting using goat anti-ATRX (C-16) antibody (diluted 1:200 and incubated overnight at 4°C) and HRP-conjugated rabbit anti-goat IgG (diluted 1:2,000 and incubated for 1 h at room temperature). The filter was then reprobed with an HRP-conjugated rabbit anti-GAPDH antibody (diluted 1:4,000 and incubated for 1 h at room temperature; Abcam) to confirm equivalent loading.
RESULTS

LUNA expression during productive infection requires viral gene expression.
To understand the regulation of the LUNA promoter in HCMV-permissive cells, we generated a luciferase expression vector for analysis by transfection. The putative LUNA promoter (Fig. 1A) was amplified from the clinical isolate TB40/E by use of the promoter-specific primers and then cloned into the luciferase reporter pGL3-basic. Positive clones were confirmed by sequencing.
To measure the basal activity of the LUNA promoter in comparison to that for the MIEP, each construct was transfected into fibroblasts and assayed for luciferase activity 48 h posttransfection. As expected, the MIEP exhibited high levels of luciferase activity (Fig. 1B, column 3) . Transfection of LUNA promoter resulted in a reproducible but low level of transcriptional activity following transfection similar to the level of expression from the UL112/UL113 promoter (Fig. 1B , columns 1 and 2). We next tested the effect of HCMV infection on LUNA promoter activity. Fibroblasts were transfected followed by infection with HCMV at an MOI of 5 at 24 h posttransfection. HCMV infection resulted in a 5-fold increase in expression from both the LUNA promoter and the MIEP, suggesting that the LUNA promoter, similarly to the MIEP, could be activated by a virus infection (Fig. 1C) .
To address the timing of LUNA activation during lytic infection, we next performed an RT-PCR analysis of HCMVinfected fibroblasts for both IE72 and LUNA gene expression. Consistent with previous data (6, 41) , analysis of RNA isolated from infected fibroblasts between 0 and 8 hpi showed that LUNA gene expression was readily detectable at 6 h postinfection (Fig. 1D, lane 4) . IE72 RNA expression was detected as early as 2 h postinfection (Fig. 1D, row 2 suggested that an immediate-early function was responsible for activation of LUNA gene expression. IE72, the most abundant viral protein at IE times of infection, plays a pleiotropic role in HCMV infection, including the regulation of both viral and cellular gene expression. Consequently, we tested whether IE72 played any role in LUNA expression by both cotransfection and infection assays. Fibroblasts were cotransfected with LUNA promoter or UL112/113 promoter in the presence or absence of IE72 and assayed for luciferase expression. Again, LUNA promoter exhibited low but reproducible activity in fibroblasts ( Fig. 2A , column 4) that was markedly increased upon cotransfection with pIE72 ( Fig. 2A, column 5) but not with the empty-vector control ( Fig. 2A, column 6) . Interestingly, this effect of IE72 was not as marked on another early promoter, UL112/113 ( Fig.  2A, columns 1 to 3) , suggesting an important role for IE72 in LUNA gene expression. To confirm the dependence of LUNA activation on IE72, we next analyzed the transactivation of LUNA promoter in the context of virus infection in the presence or absence of IE72. Fibroblasts were transfected with LUNA promoter and then infected with the Towne, CR208 (IE72-deleted), or CR208Q (revertant) strain of HCMV at a high MOI (5 PFU/cell) and assayed 24 h postinfection. Consistent with the data presented in Fig. 1C , the Towne strain of HCMV activated the LUNA promoter (Fig. 2B, column 2) . However, infection with the IE72-deficient CR208 virus severely abrogated viral activation of the LUNA promoter (Fig.  2B, column 3) . To preclude the possibility that a defect elsewhere in CR208 was responsible for this inability of the virus to activate the LUNA promoter, we also analyzed the revertant virus, CR208Q, in which the deleted exon 4 of IE72 has been restored. This revertant activated pLUNA essentially to the same levels observed with the wild-type virus (Fig. 2B, column  4) . Overall, these data suggest that LUNA gene expression in lytically infected cells is dependent upon IE72 gene expression.
To confirm a role for IE72 in the context of virus infection, we analyzed LUNA expression in infected fibroblasts by using the CR208 (IE72-deleted) virus. RT-PCR analysis was performed on CR208-and Towne-infected cells for LUNA and IE gene expression at 8 h postinfection, the time at which LUNA gene expression is readily detectable (Fig. 1D) . Consistent with the transfection data, LUNA gene expression was markedly decreased in CR208-infected cells (Fig. 2C, lanes 4 and 5) compared with that for the wild-type virus (Fig. 2C, lanes 2 and  3) . RT-PCR for IE86 gene expression confirmed that both the CR208-and Towne-infected cells were lytically infected (Fig.  2D) and that, furthermore, the reduced LUNA gene expression was not due to an absence of the genome in the CR208-infected cells (Fig. 2E) .
IE72-mediated activation of the LUNA promoter does not occur by direct binding to the LUNA promoter. We next used ChIP analysis to determine whether IE72 mediates LUNA Fig. 2F and G). We could not detect the immunoprecipitation of the LUNA promoter with an anti-IE protein antibody (Fig. 2F,  lane 3) , suggesting that IE72 (and/or IE86) does not directly bind to the LUNA promoter. In contrast, we did observe the immunoprecipitation of the MIEP by the IE protein antibody (Fig. 2G, lane 3) , likely due to the known binding of IE86 to the cis-repression sequence (CRS) of the MIEP (11, 46) . Thus, the inability to immunoprecipitate the LUNA promoter with an anti-IE protein antibody did not appear to be due to any intrinsic failure of the IP assay. Although IE72 is a well-established transcriptional activator, the failure to detect binding of IE72 to the LUNA promoter is consistent with previous evidence that IE72 mediates transcriptional activation indirectly, i.e., in the absence of direct binding to DNA. TSA rescues LUNA promoter activity in transfection, but during infection, rescue is IE72 dependent. At low multiplicities of infection, the IE72 protein plays a pivotal role in the efficient induction of viral early gene expression, and this has been associated with a functional interaction between IE72 and chromatin remodeling enzymes. For instance, a study by Nevels et al. (44) has shown that the addition of histone deacetylase inhibitors to CR208-infected cells results in levels of early and late gene expression approaching that observed in wild-type infections. Furthermore, this was not due to direct activation by IE72 per se but was likely due to the ability of IE72 to interact with histone deacetylases, sequestering them from viral promoters and relieving repression indirectly. If IE72 activates the LUNA promoter by a similar mechanism, we predict that the histone deacetylase inhibitor TSA increases LUNA promoter activity in transfection analyses. To test this, fibroblasts were incubated overnight with TSA or with dimethyl sulfoxide (DMSO) solvent control, transfected with either LUNA promoter or MIEP, and analyzed for luciferase activity at 48 h posttransfection. The MIEP was activated over 10-fold by the addition of TSA (Fig. 3A, column 2) , consistent with previous data showing that the MIEP is TSA responsive (48) . Similarly, we also observed a 10-fold activation of the LUNA promoter in response to TSA addition (Fig. 3A , column 4), suggesting that in transfection assays, the LUNA promoter is subject to histone-mediated repression.
To confirm the transfection data in the context of virus infection, we repeated the experiments with Towne-or CR208-infected cells in the presence and absence of TSA and analyzed LUNA and IE gene expression by RT-PCR at 12 h postinfection. Consistent with the transfection data, the addition of TSA resulted in the upregulation of LUNA gene expression in Towne-infected cells (Fig. 3B, lane 2) . Intriguingly, however, TSA did not induce LUNA gene expression in the CR208-infected cells (Fig. 3B, lane 4) . However, addition of TSA did rescue the expression of another early gene, UL44, consistent with previously published data. Thus, these data suggest that TSA alone was not enough to rescue LUNA gene expression in the absence of the IE72 protein during infection. One likely explanation for the discrepancy between Towne and CR208 infection is that the addition of TSA, which is known to activate the MIEP (48), drives increased levels of IE72 expression (Fig. 3B) and thus that the increased LUNA gene expression in Towne-infected cells is a consequence of increased levels of IE72 gene expression, which would not occur in CR208 (IE72-deficient)-infected cells.
hDaxx, a known transcriptional repressor of viral IE gene expression, plays a role in the regulation of LUNA gene expression. It is becoming increasingly clear that the regulation of herpesvirus gene expression by posttranslational modifications of histones is intimately associated with ND10, present in the nucleus (14, 37) . The importance of these nuclear bodies in repression of herpesvirus lytic infection is perhaps underscored by the fact that both HCMV and herpes simplex virus type 1 (HSV-1) target these ND10 structures for dispersal during initial stages of infection. HSV-1 disrupts ND10 via ICP0-mediated degradation of PML, an essential component of ND10 formation (10) . In contrast, IE72-mediated disruption of ND10 by HCMV occurs by the relocalization of PML away from ND10 bodies, a mechanism that does not involve PML degradation (61) .
Another key component of ND10 bodies is the cellular protein hDaxx, and this too has been strongly implicated in the regulation of HCMV gene expression (37) . Stable overexpression of the hDaxx protein makes normally permissive cells refractory for HCMV infection (60) and may be linked to the increased stability of the ND10 bodies in cells. To counter the effects of hDaxx, the tegument protein pp71 initially targets hDaxx for degradation, which advances lytic infection (53) . In a yeast two-hybrid screen to identify cellular proteins that could interact with IE72, we identified hDaxx as a potential interaction partner (data not shown). Figure 4A confirms this interaction specifically between IE72 and hDaxx in filter lift experiments of transformed yeast. In order to confirm the interaction detected in the yeast two-hybrid assay, we next performed immunoprecipitation analyses of infected cells (Fig. 4B) .
Mock-and HCMV-infected U373 cells were lysed, and the nuclear extracts were immunoprecipitated with an anti-IE protein antibody or an isotype-matched control (Fig. 4B ). Immunoprecipitates were then analyzed by Western blotting for hDaxx coimmunoprecipitation. These data clearly show that hDaxx complexes with IE72 in infected cells (Fig. 4B, lane 5) . No such coimmunoprecipitation of hDaxx was observed with an isotype-matched control antibody (Fig. 4B, lane 4) . As expected, the interaction of IE72 with hDaxx could be detected only in infected cells (Fig. 4B, lanes 4 and 5) . Overall, these data suggest that during infection IE72 physically interacts with the hDaxx protein. Glutathione S-transferase (GST) pulldown analyses suggested that the interaction between IE72 and hDaxx was more efficient when IE72 was sumoylated (data not shown). To address this during infection, we infected cells with the IE72 sumoylation-deficient virus (K450R virus) or the revertant and performed the IP as described above (Fig. 4C) . These data show that, during infection, IE72 sumoylation is not necessary for an interaction with hDaxx (Fig. 4C) . Consistent with this, LUNA gene expression was not abrogated in K450R virus-infected cells (Fig. 4D) .
Having established that IE72 can physically interact with hDaxx, a known transcriptional regulator, we next tested whether hDaxx could repress the LUNA promoter. Transfection of LUNA promoter into permissive fibroblasts with either pcDNA3 or hDaxx showed that cotransfection with hDaxx specifically represses LUNA, but not UL112/113, promoter activity (Fig. 5A) , suggesting that hDaxx may also be involved in the repression of the LUNA promoter during lytic infection.
We next used ChIP analysis to determine whether hDaxx mediated repression by binding to the LUNA promoter. Cells transfected with pLUNA were immunoprecipitated with a specific anti-hDaxx antibody or a rabbit IgG control (Fig. 5B) . was observed (Fig. 5B, column 2) , suggesting that hDaxx does indeed bind to the LUNA promoter. Knowing that IE72 can inhibit hDaxx-mediated repression of LUNA promoter activity, we also asked whether IE72 expression had any effect on the binding of hDaxx to the LUNA promoter in infected cells. First, the same analysis using the ihfie1.3 cell line (a cell line that constitutively expresses IE72) showed that the IP of the LUNA promoter was abrogated in the presence of IE72 (Fig.  5B, column 4) . Similarly, infection of transfected HFFs with the Towne virus clearly resulted in a major decrease in hDaxx binding to the LUNA promoter (Fig. 5B, column 6 ), whereas infection in the absence of IE72 (with the CR208 virus) had only a minor effect on binding of hDaxx to the LUNA promoter (Fig. 5B, column 8) . Again, these data support a role for IE72 preventing repression of LUNA expression by inhibiting promoter-specific binding of hDaxx to the LUNA promoter via a direct physical interaction. hDaxx represses LUNA gene expression in an ATRX-dependent manner. The repression of gene expression by hDaxx has been suggested to occur by a number of mechanisms. For example, hDaxx interacts with chromatin remodeling enzymes, such as histone deacetylases (24) (particularly HDAC-2), to mediate the repression of gene expression. However, Fig. 3B suggests that hDaxx-mediated repression of LUNA cannot be completely abrogated by TSA during infection. It has been reported that hDaxx also interacts with the transcriptional repressor ATRX (62) , and a recent report from the Preston laboratory (35) has suggested that this interaction between hDaxx and the ATRX protein is important for the regulation of the HCMV MIEP at times immediately after virus entry. Consequently, we asked whether ATRX may play a role in the repression of the LUNA promoter by hDaxx and, specifically, whether siRNAs against ATRX rescue LUNA gene expression after infection in the absence of IE72.
In order to knock down ATRX, we used a prevalidated BLOCKit siRNA cocktail (Invitrogen) that contains siRNAs to 3 regions of the ATRX gene which, as confirmed by Western blotting, knocked down ATRX expression by 48 h posttransfection (Fig. 6A) . To test the effect of ATRX knockdown on LUNA gene expression, cells were infected with either the Towne or the CR208 virus 48 h posttransfection and analyzed for LUNA gene expression 12 h postinfection (Fig. 6B) . In siRNA control cells, no LUNA gene expression was detected after infection with CR208 (Fig. 6B, lane 3) , which is consistent with data shown in Fig. 2C . In contrast, LUNA gene expression was detectable in the CR208-infected cells, in which levels of ATRX mRNA expression were clearly reduced (Fig. 6B, lane  4 ). An actin-specific RT-PCR (Fig. 6B ), control samples with no prior cDNA synthesis (Fig. 6B) , and an HCMV-specific DNA PCR (Fig. 6C) confirmed that the increase in LUNA gene expression was not due to differences in RNA level, DNA contamination, or level of HCMV infection in the cells but was specific to ATRX knockdown. Furthermore, we observed that the deletion of ATRX was specific for LUNA, as no effect on UL44 expression was observed. We observed little effect on LUNA expression after infection of ATRX knockdown cells with Towne virus (Fig. 6B, compare lanes 1 and 2) . However, as IE72 expression occurs very quickly upon infection with wild-type virus, any potential effects on the activation of LUNA gene expression by ATRX depletion are likely to be masked by the robust IE72-mediated effects in the cells at the time of the analysis.
Finally, to further characterize the role of ATRX in repression of LUNA expression, we performed ChIP assays with Towne-and CR208-infected cells to analyze ATRX occupancy of the LUNA promoter at early times of infection (3 and 6 hpi) (Fig. 6D) . Minimal binding of ATRX to the Towne LUNA promoter was detected at 3 or 6 h postinfection (Fig. 6D,  columns 1 and 3) . In contrast, ATRX binding to the LUNA promoter in CR208-infected cells was detected at both 3 and 6 h postinfection (Fig. 6D, columns 2 and 4) . Consequently, the lack of LUNA gene expression observed in CR208-infected cells appears to correlate with the binding of ATRX to the LUNA promoter, suggesting that hDaxx-mediated repression of the LUNA promoter occurs in an ATRX-dependent manner.
DISCUSSION
The regulation of HCMV gene expression during lytic infection is a complicated interplay between viral and cellular factors. Virus infection promotes a strong antiviral response involving both immune and nonimmune pathways (54, 64) . Part of the intrinsic response to virus infection is mediated through the action of ND10 bodies (14), nuclear structures that recruit a number of proteins that appear to antagonize viral gene expression (8, 32, 47, 53, 56, 60) . In response, viruses make a concerted effort to abrogate these cellular responses to ultimately promote a lytic infection (2, 37, 53, 59, 61) . Of the proteins recruited to the ND10 bodies, those most intimately associated with HCMV gene expression are PML and hDaxx. PML, essential for ND10 formation, is targeted by the IE72 protein (3, 31) , a function of IE72 that contributes to efficient lytic infection at low MOIs. Another target of IE72 is the class I histone deacetylases (44) , which are also recruited to ND10 via their interactions with both PML and hDaxx proteins (24, 33) . Indeed, increasing evidence suggests that viral gene expression is continuously regulated by chromatin-modifying enzymes and histone proteins throughout the course of lytic infection (12, 25, 41, 45, 48) as well as in latency (41, 50) . Consistent with this, the activation of viral early promoters is thought to be enhanced by the sequestration of HDACs from viral promoters by IE72 (44) .
In this study, we have analyzed the regulation of the LUNA promoter, an HCMV promoter predicted to be active in both lytic and latent infection (6) . We show that LUNA gene expression becomes detectable between 4 and 6 h postinfection, consistent with previous data (6) , and that LUNA expression is preceded by IE gene expression. The timing of LUNA expression was consistent with a role for IE72 in the activation of LUNA gene expression, and data from transfection assays as well as infection with the wild-type virus and the IE72-deleted virus (CR208) supported this prediction. IE72 alone was enough to activate the LUNA promoter, and transfection/infection studies showed that the CR208 virus was unable to activate the promoter efficiently; consistent with this, the CR208 virus showed markedly reduced levels of LUNA gene expression during lytic infection.
ChIP experiments confirmed that IE72 was not directly binding to DNA and was thus mediating its effect via an indirect mechanism. In contrast to previous data analyzing the regulation of other viral promoters with the CR208 virus (44), we observed that TSA could not rescue LUNA gene expression upon virus infection in the absence of IE72. It is worth noting that elevated LUNA expression was observed in wild-typevirus-infected cells expressing IE72 treated with TSA, but we believe that this is likely due to TSA-induced increases in IE72 expression. Thus, these observations are entirely consistent with the emerging role of histone posttranslational modification in the regulation of the MIEP in lytic infection (12, 21, 25, 41, 60) as well as in latency (34, 49, 50) .
However, our results also suggest that IE72 uses a mechanism to activate LUNA gene expression different from the one proposed by Nevels et al. for other viral promoters, which appears to involve the sequestration of histone deacetylases (44) . Interestingly, an early characterization of the CR208 virus reported that not all viral promoters were similarly affected by the IE72 deletion, suggesting that differing mechanisms are involved in viral gene expression (18) . In our study, we show that IE72 can also bind to the cellular hDaxx protein. Previous data have shown that stable overexpression of the hDaxx protein is sufficient to block lytic infection (60) . Consistent with the ability to titrate away this hDaxx-mediated repression of lytic infection with increasing amounts of virus, hDaxx has been shown to be a target for an incoming virion protein, pp71 (47, 53) . The pp71 tegument protein promotes the degradation of hDaxx as a potential mechanism to prevent hDaxx-mediated repression of the MIEP. However, the data presented here suggest that the action of pp71 on hDaxx alone is not sufficient to rescue LUNA gene expression. Although hDaxx appears to repress the LUNA promoter, delivery of pp71 with the CR208 virus is not sufficient to activate LUNA gene expression to wild-type levels. However, it is worth noting that the transfection analysis of LUNA promoter activation (Fig. 2B) indicates that CR208 infection has a modest effect on the activity of the LUNA promoter, suggesting that other viral factors, such as pp71, may play a minor role in the activation of LUNA gene expression.
Having determined that hDaxx could repress the LUNA promoter by transfection, we then confirmed that hDaxx bound to the LUNA promoter and that this binding was abrogated by HCMV infection and, in particular, by IE72. As TSA did not rescue LUNA promoter activity during infection, we next asked whether hDaxx-mediated repression was effected via an interaction partner other than HDACs. Analysis of ATRX, a transcriptional repressor (54) which interacts with hDaxx and which has been suggested to be involved in hDaxxmediated repression of the MIEP (35) , showed that knockdown of ATRX rescued LUNA gene expression in CR208-infected cells. Furthermore, the ATRX protein could be detected on the LUNA promoter at 3 and 6 h postinfection in CR208-infected cells but not wild-type-virus-infected cells (expressing IE72).
Our findings support previous data suggesting that the IE72 protein is pivotal for the targeting of components of ND10 bodies within the cell. Our observations show that, as does PML, the IE72 protein interacts with the hDaxx protein, another constituent of ND10 bodies. Given the reports that the incoming pp71 tegument protein targets hDaxx for degradation, it may at first seem surprising that another viral protein (IE72) also targets hDaxx. However, the effects of pp71 are likely to be restricted to events immediately postentry, and although important for initial activation of the MIEP, we believe it is likely that this activity of pp71 wanes as infection progresses and that IE72 subsequently takes over this function of hDaxx/ND10 disruption.
In summary, the data presented here show that IE72 mediates the activation of the LUNA promoter during lytic infection and that this is likely achieved by a direct interaction between IE72 and hDaxx. As opposed to the activation of other viral promoters by IE72, the IE72-mediated activation of the LUNA promoter does not appear to be mediated solely by modification of histone acetylation on the LUNA promoter but appears to involve the hDaxx-interacting protein ATRX. Studies to determine the mechanism by which ATRX may functionally interact with hDaxx to regulate LUNA expression are in progress. Finally, as the interaction between IE72 and hDaxx is important for the regulation of viral lytic gene expression, it is possible that such an interaction between IE72 and hDaxx (and PML) may also be important in supporting the efficient reactivation of HCMV from latency.
